Magnetic and ferroelectric properties of layered geometrically frustrated cluster compound FeTe2O5Br were investigated with single-crystal neutron diffraction and dielectric measurements. Incommensurate transverse amplitude modulated magnetic order with the wave vector q=( 1 2 , 0.463, 0) develops below TN = 10.6(2) K. Simultaneously, a ferroelectric order due to exchange striction involving polarizable Te 4+ lone-pair electrons develops perpendicular to q and to Fe 3+ magnetic moments. The observed magnetoelectric coupling is proposed to originate from the temperature dependent phase difference between neighboring amplitude modulation waves. [1, 2, 3, 4, 5] . In these systems, spiral magnetic order, such as cycloidal or transverse conical structures [6] , breaks the inversion symmetry and removes strict symmetry restrictions for the existence of the magnetoelectric coupling. Since spiral order often results from magnetic frustration, the current focus is on materials with geometrically frustrated lattices. However, it remains to be seen whether the strong magnetoelectric effect is restricted to spiral magnetic structures or it can be found also in other spatially modulated magnetic arrangements.
, 0.463, 0) develops below TN = 10.6(2) K. Simultaneously, a ferroelectric order due to exchange striction involving polarizable Te 4+ lone-pair electrons develops perpendicular to q and to Fe 3+ magnetic moments. The observed magnetoelectric coupling is proposed to originate from the temperature dependent phase difference between neighboring amplitude modulation waves. Switching ferroelectric polarization by magnetic field [1] or, conversely, controling magnetic order with the electric field [2] in magnetoelectric materials has been for a long time hampered by a very small magnitude of the magnetoelectric coupling. Recently, strong magnetoelectric coupling has been discovered in several multiferroic oxides (RMnO 3 , RMn 2 O 5 , Ni 3 V 2 O 8 , . . . , R = rare earth) where ferroelectricity exists only in a magnetically ordered state [1, 2, 3, 4, 5] . In these systems, spiral magnetic order, such as cycloidal or transverse conical structures [6] , breaks the inversion symmetry and removes strict symmetry restrictions for the existence of the magnetoelectric coupling. Since spiral order often results from magnetic frustration, the current focus is on materials with geometrically frustrated lattices. However, it remains to be seen whether the strong magnetoelectric effect is restricted to spiral magnetic structures or it can be found also in other spatially modulated magnetic arrangements.
In recent years several geometrically frustrated spincluster oxyhalide compounds M -Te-O-X (M = Cu, Ni, Fe; X = Cl, Br, I) have been synthesized. Because of their reduced magnetic dimensionality and frustrated lattices they frequently exhibit a complex magnetic order, having low magnetic symmetry. Moreover, these systems contain Te 4+ ions with lone-pair electrons (5s 2 5p 0 ), which are highly polarizable [7] . Thus the M -Te-O-X family represents a new class of materials, where magnetic and polar order may coexist. We have focused our investigations on FeTe 2 O 5 Br with a crystal structure that implies magnetic frustration [8] . This system crystallizes in a monoclinic unit cell (space group P 21/c) and adopts a layered structure. units. Within each iron tetramer cluster there are two crystallographically non-equivalent Fe 3+ (S = 5/2) ions (Fe1 and Fe2 on 4(e) sites) coupled through competing antiferromagnetic exchange interactions. In this letter we show that below the Neel transition temperature T N = 10.6 K the Fe 3+ magnetic moments order almost collinearly with an incommensurate amplitude modulation. A spontaneous electric polarization associated with the polarizable Te 4+ lone-pair electrons appears simultaneously with the long-range magnetic order. We propose that the phase difference between coupled modulation waves is responsible for the magnetoelectric effect in FeTe 2 O 5 Br and possibly also in other incommensurate amplitude modulated magnetic structures.
Single crystals of FeTe 2 O 5 Br were grown by standard chemical vapor phase method. Single-crystal X-ray diffraction measurements (λ =0.64Å) were performed at the BM01A Swiss-Norwegian Beamline of ESRF, France using closed-cycle He cryostat mounted on a six-circle kappa diffractometer KUMA. Data sets collected in the temperature range 4.5 to 35 K were refined using the SHELXL program [9] . Neutron integrated intensities were collected on a 5 × 4 × 1 mm 3 single crystal at 5 K on the single crystal diffractometer TriCS (λ =2.32Å) at the Swiss Neutron Spallation Source, Switzerland. Spherical neutron polarimetry measurements on a 7 × 5 × 1.6 mm 3 single crystal were carried out at 1.8 K with CRY-OPAD II installed on the IN20 spectrometer (λ=2.34Å) at the Institute Laue-Langevin, France. The crystal was mounted with the c-axis perpendicular to the scattering plane. The complex dielectric constant ǫ * (T, ω) = 
was measured as a function of temperature and frequency with the HP4282A precision LCR meter. The quasistatic polarization P was determined by electrometer charge accumulation measurements [10, 11] in a field cooling run (a bias field of 10 kV/cm).
In FeTe 2 O 5 Br three-dimensional long-range magnetic ordering sets in at T N = 10.6(2) K, where a pronounced change in the temperature dependence of χ is evident [8] . Our neutron diffraction measurements reveal that the magnetic reflections emerge at the incommensurate positions described by the wave vector q=( (Table I) indicates that the magnetic arrangement is neither a spiral, nor a cycloid or strongly canted. The absence of the P yx and P zx components and almost full polarization of the scattered beam implies that chiral magnetic scattering is negligible. The off-diagonal components P yz and P zy increase with increasing h or k suggesting a small c-component of magnetic moment.
The combined refinement of polarization components and integrated magnetic intensities (25 and 41 independent reflections, respectively) using the CCSL code [12] yields excellent agreement between the experimental and (5) 113(5) -10(11) 274(10) calculated quantities (Fig. 1) . The best solution is the amplitude modulated model S(i, k, l) = S 0 cos(q·r i +ψ kl ) with r i being the vector defining the origin of the i-th cell. The modulation amplitude S 0 = 4.02(9) µ B is the same for all iron sites in the unit cell, though each atom has its individual phase ψ kl (Table II) . Magnetic moments on the same site in adjacent cells are collinear (Fig. 2) and almost orthogonal to the wave vector q, but their directions on Fe1 and Fe2 sites are inclined at a small angle 7(3) deg (Table II) . There are two equally populated domains related by the 2 1y axis. We note that the incommensurate long-range magnetic order in FeTe 2 O 5 Br is most probably due to competing interactions within the geometrically frustrated iron tetramers.
Evidently, the magnetic structure has no inversion center. This removes the symmetry restriction for the coexistence of ferroelectric and magnetic order. We therefore decided to measure the temperature dependence of ǫ and spontaneous polarization P . An extremely sharp peak in ǫ ′ at T N = 10.5(1) K (Fig. 3a) very small and frequency independent, proving intrinsic nature of the observed transition. The ferroelectric state is unambiguously confirmed by the emergence of P at T N (Fig. 3b ) and its reversal with the electric field (inset to Fig. 3a) . P is the largest along the crystal c−axis, P (c) = 8.5(2)µC/m 2 . It is almost an order of magnitude smaller along a * , P (a * ) = 1.0(1) µC/m 2 , while for the b direction it is below the sensitivity of our experimental equipment. Comparing the temperature dependence of P to the intensity of the magnetic ( 1 2 , 1.537, 0) peak, I, it is obvious that the two transitions coincide precisely (Fig. 3b) . When applying the magnetic field along the a * direction both the Neel-transition and the ferroelectric-transition temperatures simultaneously decrease to T N = 9.4(3) K in the 9 T magnetic field. This strong magnetic filed dependence provide additional evidence for the magnetoelectric coupling in FeTe 2 O 5 Br .
The phenomenological explanation for the occurrence of magnetoelectric effect in incommensurate helical or spiral magnetic phases has been given with thermodynamic potential terms type
. For our magnetic structure (Table II ) we calculate that P should lay in the ab plane in striking contrast to the experimentally observed P (c) component. We next extended calculations by additional P · ∇ M 2 term, which is important when P is a sum of homogeneous and spatially modulated contributions [17] . However, this additional term also cannot reproduce the correct P direction. Hence, it appears that coupling terms, which work very well for helical or spiral magnetic orderings, cannot explain the appearance and the correct direction of the ferroelectric polarization in FeTe 2 O 5 Br.
In order to better understand the magnetoelectric coupling in FeTe 2 O 5 Br we have performed representation analysis. The star of the wave vector is formed by the two vectors q and −q, defining the little group, which is composed of two elements: identity 1 and two-fold screw axis 2 1y . It has two one-dimensional irreducible representations, Γ 1 and Γ 2 and the 4(e) sites split into two orbits (Table III) . Since the refined phase shift between the two magnetic moments from the same orbit (Table II) differs from the πq y = 83 deg value expected from the symmetry relations, we conclude that our magnetic model is a combination of both Γ 1 and Γ 2 . The important coupling term, which already takes into account observed orientations of P and Fe 3+ magnetic moments as well as the symmetry operations of the little group, is written as
(1) Here ε αβ is the magnetoelectric coupling tensor, α, β = x, y and S α (q, i) is the Fourier component of the magnetic moments for Fe atoms i = 1, 2 (Table III) . For each irreducible representation we define a complex magnetic order parameter, whose magnitude in the vicinity of the phase transition can be described with the simple power law ansatz (T N − T ) β . Phase difference between the two order parameters define the phases of individual amplitude modulation waves ψ kl (Table II) . The temperature dependence of I and P is simulated (Fig. 3b) by assuming temperature dependent ψ kl approaching lowtemperature values obtained from the neutron diffraction experiments. The agreement with the experiment is much worse, if ψ kl are kept constant. The above analysis suggests that sliding of the individual amplitude modulation waves, which also removes the center of inversion at the magnetic phase transition, is responsible for the magnetoelectric effect in FeTe 2 O 5 Br. Opposed to the P ∝ I dependence reported for representative magnetically incommensurate systems [13, 14, 15] we find here the unusual proportionality between √ I and P (inset to Fig.  3b ). Similar dependence in the low-temperature incommensurate spiral phase of Ni 3 V 2 O 8 [18] was explained with the saturation of the high-temperature magnetic order parameter already in the paraelectric phase. In contrast, the observed P ∝ √ I scaling in FeTe 2 O 5 Br is reproduced within our model as a direct consequence of the temperature dependence of the amplitude modulation wave phases.
To shed some additional light on microscopic picture of ferroelectricity and the magnetoelectric coupling we performed low-temperature single-crystal synchrotron X-ray diffraction experiments. On cooling through the magnetic transition the deviations from the high-temperature crystallographic symmetry are very small and bellow the resolution of our XRD experiment. However, clearly distinguishable changes of the Fe-Te interatomic distances (Fig. 4) can be seen. This finding is important, because (i) Te 4+ ions bridge the intercluster exchange interactions and (ii) Te 4+ ions have lone-pair electrons. The observed structural anomalies therefore suggest the polarization of the Te 4+ lone-pair electrons and may thus explain the ferroelectricity in the magnetic phase.
We note that tetramer Fe-O interatomic distances also change slightly at the magnetic transition implying that the coupling between polar and magnetic order parameters is likely mediated through Fe-O-Te-O-Fe intercluster exchange. The standard spin-current [19] and "inverse DzyaloshinskiiMoriya" [20] models developed for spiral magnetic structures are unlikely to be active in FeTe 2 O 5 Br, since magnetic moments vary in amplitude and not in direction along q. Alternatively, exchange-striction model was frequently applied to magnetoelectrics with collinear magnetic order [21, 22, 23, 24] . If exchange-striction model applies to FeTe 2 O 5 Br then the above coupling term (Eq.
(1)) suggests that the spin phonon coupling is provoked by the difference in the individual phases of spin modulation waves. Additional experimental and theoretical investigations are necessary to validate this suggestion.
In summary, we have discovered simultaneous emergence of ferroelectric and magnetic order in FeTe 2 O 5 Br in the state with nearly transverse amplitude modulated incommensurate magnetic structure described by the wave vector q=( We acknowledge fruitful discussions with J.F. Scott and M. Kenzelmann. We thank Ya. Filinchuk and D. Chernyshov for settling up the x-ray diffraction experiment. The sample preparation was supported by the NCCR research pool MaNEP of the Swiss NSF.
